The objective of this study was to clarify the effects of silane coupling agents and solutions of different polarity on polymethyl methacrylate (PMMA) bonding to alumina. Three silane coupling agents (3-methacryloxypropyltrimethoxysilane (MPS), 3-aminopropyltriethoxysilane (APS) and N-2 (aminoethyl) 3-aminopropyltriethoxysilane) and 3 different polar solutions, 70% ethanol, isopropanol and toluene, were selected for silanization. Shear bond strengths were statistically compared with Tukey HSD (α=0.05). The alumina surfaces after silanization and shear bond test were examined with an energy dispersive spectrometer (EDS). The bond strengths of PMMA on the alumina with MPS (15.0 MPa), APS (13.8 MPa) in ethanol were greater than the others in nonthermocyclings. The bond strength decreased after thermocyclings. The ethanol groups were greater than the others. EDS revealed Si remaining on the alumina surface after the shear bond test. The results indicated that the silanization using MPS and APS with ethanol solution was effective.
INTRODUCTION
Generally, polymethyl methacrylate (PMMA) is the commonly used polymer material for construction of denture base in removable dentures. Twenty-nine percent of common problem of removable dentures was the midline fracture seen in upper complete dentures 1) . Many approaches have been advocated to strengthen PMMA. One of the popular modifi cations to improve the physical and mechanical properties is the addition of various fi llers into the polymer 2, 3) . Among various types of fi llers, alumina powder is one of the considerable fi ller [4] [5] [6] . Previously, the addition of alumina into PMMA resulted in increase hardness 4) and thermal conductivity 5) . The improvement of mechanical properties by blending alumina into PMMA has not been confi rmed. By adding 5% alumina fi ller into PMMA, Alhareb and Ahmad 6) reported the increase in fracture toughness and fl exural modulus but decrease in tensile strengths.
Silane coupling agents were advocated in improving mechanical properties of the resin composite [7] [8] [9] . However, investigations on improving bond strength of alumina were mainly on commercial ceramic primer containing silane coupling agent 10) and tribochemical treatment 11) . In general, there are many types of silane coupling agents formulated for specifi c bonding between different fi llers and resin matrix 8, 9, 12) . The solubility parameter is used to consider the penetration of silane coupling agent into the resin matrices, especially thermoplastic resins 13, 14) . According to the solubility parameter, 3- 16) , respectively. Different solutions were advocated in activation of silane coupling agent silanized on silica surface based on their polarity; mainly polar and nonpolar 17) . The concentration of silane coupling agent affected the thickness of siloxane layer on the substrate 18, 19) . Additionally, moisture or water content is needed for initiating hydrolysis and condensation reaction of silane 7) . Water also affected the formation of monolayer and complete siloxane formation 20, 21) . To assess the good and durable bonding between PMMA and the silanized materials, the shear bond test in combination with thermocycling challenge has been often used 22, 23) . However, suitable silane coupling agents and different polar solutions for alumina have not been clearly confi rmed.
The objective of the present study was to clarify the effects of solubility parameters of the organic functional group of silane coupling agents and solutions different polarity on bonding between PMMA and alumina plate by a shear bond test with thermocycling challenge. The null hypothesis was that there were no differences in the shear bond strength between PMMA and the alumina plate with different silane coupling agents, solutions of different polarity and thermocycling challenge.
Effects of silane coupling agents and solutions of different polarity on PMMA bonding to alumina 
MATERIALS AND METHODS

Materials used
Three hundred and forty square-shaped plates (10×10×2 mm) were prepared from alumina square slabs (purity 99.7 mass%, SSA-S square plate, Nikkato Corp., Osaka, Japan) as the substrate. To decontaminate the surface, all alumina plates were soaked in piranha solution (7:3 concentration H2SO4:H2O2) for 40 min to make a clean and fresh oxide layer 18) , followed by rinsing with deionized water and dried for 24 h at room temperature prior to silanized with one of the following three silane coupling agents; MPS, APS and AAPS. These commercial silane coupling agents were used as received. Three solutions were selected; 70 vol% ethanol solution mixture of 99.8 vol% ethanol and deionized water (ETH), 99.7 vol% isopropanol (ISP) and 99.5 vol% toluene (TOL). The silane coupling agents and solutions were listed in Table 1 .
Silanization Process ETH, ISP, and TOL were used without further preparation except in mixing with MPS. ETH and ISP mixing with MPS were adjusted to a pH of 4.5 by titrating with 99.9% acetic acid (Carlo erba, Milan, Italy) using a pH meter (ORION 420A, Orion Research Inc., Boston, MA, USA). This pH was advocated to control the hydrolysis rate of alkoxysilanes especially MPS 24) . APS and AAPS were not adjusted because amino silane could initiate hydrolysis using moisture in the atmosphere. Three silane coupling agents were mixed with all solutions to achieve 2 vol% according to the previous studies 17, 25) . These solutions were stored in a 100 mL polyethylene cup with a cover and allowed to hydrolyze for 5 min. The alumina plate was soaked in the silane solution for 3 min. Then, the alumina plate was removed from the cup and left dry at room temperature for 14 days before shear bond test. Alumina plates without immersion were served as reference.
The average surface roughnesses (Ra) of alumina plate after piranha soaking and after silanization were measured by a profi lometer (TalyScan 150, Taylor Hobson Ltd., Leicester, UK). A contact stylus gauge was used to measure the surface roughness. The instrument scanned at a speed of 3,000 μm/s with reading interval of 5 μm covering 3×3 mm area. The Ra was calculated using software (TalyScan 150 software analyzer, Taylor Hobson Ltd., Leicester, UK). Twelve specimens of each condition were measured.
Shear bond test
A double-sided adhesive tape (King Tape, Thai Adhesive Tapes Industry, Bangkok, Thailand; 35 μm in thickness) with a 6-mm diameter hole was fi xed on the center of the alumina plate to defi ne the bonding area. A polytetrafl uoroethylene tube, 7 mm in diameter and 5 mm in height, was placed on the adhesive tape. Then, auto-polymerized PMMA (Unifast Trad, GC Corp., Tokyo, Japan) was placed into the tube using the brushon technique. All specimens were divided into two groups (non-thermocyclings and thermocyclings) with n=8. In thermocycling group, the specimens were alternatively immersed in 5°C and 55°C water with the 1-min dwelling time for 10,000 cycles using thermocycling apparatus (HWB332R, KMIT, Bangkok, Thailand). All specimens were stored in 37°C distilled water for an additional of 24 h prior to the shear bond test. The specimen was fi xed in a special jig to align a chisel-shaped rod parallel to the bond surface at the bonding interface (Fig. 1) . The shear bond test was performed using a universal testing machine (model 8872, Instron, Fareham, UK) at a crosshead speed of 0.5 mm/min until the PMMA cylinder came off. The failure force in Newton was recorded and divided the force with bond surface area (mm 2 ) resulting in megapascals (MPa).
Element deposition analysis
To elucidate the effectiveness of silane deposited on the alumina surface, alumina plates after silanization were undergone with tetrahydrofuran (THF, Carlo Erba, Milan, Italy) washing. This procedure was repeated until THF supernatant showed only absorbance peak at 250 nm on spectrophotometer (Nicolet Evolution 500, Thermoelectron Corp., Madison, WI, USA). Silanized alumina plates after THF washing and fractured surface after the shear bond test in non-thermocycling and after thermocycling were analyzed by a scanning electron microscope (SEM) with an energy dispersive spectrometer (EDS) (JSM-5410LV, JEOL, Tokyo, Japan). A thin layer of carbon was evaporated on the bonded area to avoid surface charging before observation. The primary electron beam energy was operated at 20 keV for each specimen. Three areas of 2.5×1.9 mm, where were the center of the specimen, were examined. The surfaces of untreated condition were also analyzed as a reference. Three specimens for each condition were performed.
Statistical analysis
Surface roughness was statistically analyzed with 1-way analysis of variance (ANOVA) and Tukey HSD's test. A 3-way ANOVA was applied for evaluating the interaction among silane coupling agents, solutions and thermocycling challenge on shear bond strengths. Tukey HSD's test was used for comparing all conditions of shear bond strengths by statistical software (SPSS ver. 18, IBM, New York, NY, USA). Statistical signifi cant was set at α=0.05.
RESULTS
Surface roughness
The average±standard deviation of the Ra value of alumina plate after piranha soaking was 0.186±0.009 μm. The averages of the Ra values after silanization with MPS, APS and AAPS in different solutions were 0.132-0.139, 0.131-0.134, and 0.129-0.139 μm, respectively, which were signifi cantly smaller than that of after piranha soaking and were not signifi cantly different among each other.
Shear bond strength
There was no obvious PMMA remaining on alumina surfaces after the shear bond test. Three-way ANOVA revealed that the three main factors (silane coupling agents, solutions and thermocycling challenge) and their interactions were signifi cant. Therefore, Tukey HSD's test was performed to compare all conditions including untreated conditions. The shear bond strengths of various silanized conditions are summarized in Fig. 2 . The shear bond strengths of silanized alumina plates in non-thermocyclings were signifi cantly greater than that of the untreated condition; the shear bond strengths decreased with an increase of the solubility parameter of silane coupling agent regardless of silanized solution. The shear bond strengths in ETH were greater than those of ISP and TOL, when the same coupling agent was used. The shear bond strengths of MPS in ETH (15.0 MPa) and APS in ETH (13.8 MPa) were signifi cantly greater than the other conditions. After thermocyclings, the shear bond strengths of each condition were signifi cantly smaller than those of the corresponding condition of non-thermocyclings except for the untreated conditions. The bond strengths in ETH were signifi cantly greater than those in ISP and TOL (p<0.05), and it showed a tendency that the bond strengths in ETH using a low solubility parameter silane was greater than that using a high solubility parameter silane.
Element deposition analysis
The EDS analysis revealed that carbon, oxygen, aluminum (Al), and silicon (Si) were detected on the silanized alumina surfaces after THF washing and alumina surface where PMMA was removed after the shear bond test of all silanized groups. Mass compositions of Al and Si are summarized in Table 2 . Si element could not be detected from the alumina surface of the untreated condition, but 2.1-5.2 mass% of Si was detected on the silanized alumina after THF washing. The same amount was detected on specimens after shear bond test of nonthermocyclings (1.9-4.8 mass%). However, the amount of Si element decreased on the silanized alumina groups after shear bond test (1.6-2.5 mass%). The elements mapping of MPS specimens in all solutions on fracture surfaces after shear bond test specimens undergone thermocyclings were demonstrated in Fig. 3 , which was similar to those of APS and AAPS specimens. These results suggested that silane coupling agent reacted with alumina plate and remained after the shear bond test.
DISCUSSION
The present study evaluated the effects of the solubility parameter of the organic functional group of three silane coupling agents and the three solutions of different polarity on PMMA bonding to alumina plates using the shear bond test with thermocycling challenge. Statistic analysis revealed signifi cant differences among the three main factors and their interactions. Therefore, the null hypothesis of the present study was rejected. The present study was conducted with an attempt to improve the mechanical properties of denture base polymer by adding alumina. Previous study did not show completely positive results probably due to the lack of silanization 6) . Therefore, the effects of solubility parameters of the silane coupling agents and solutions for silanization of alumina were investigated. For application of adding alumina in a denture base polymer, alumina powder will be used. However, alumina plates were alternatively investigated instead of alumina particles because it was easy and clear to evaluate the interface between alumina and PMMA.
There are various types of silane coupling agents available. In this study, silane coupling agents were selected based on their solubility parameters for MMA and PMMA bonding. In order to obtain good bonding, the adhesive and the adherent should have similar solubility parameters. If the solubility parameters of two substrates are similar, they can be mixed freely and the solution is formed. According to the solubility parameter; MPS and MMA are very close. In non-thermocyclings, the bond strength used a smaller solubility parameter silane was higher than the others regardless type of solutions. The same tendency was observed in ETH after thermocyclings. These fi ndings suggest importance of solubility parameter.
Various types of solution have been suggested for silanization 9, 17) . Three solutions, ETH, ISP, and TOL, were selected in the present study based on their polarity and widely use in previous studies 9, 18, 20) . It is essential to hydrolyze silane coupling agents in silanization, therefore, 70% ethanol aqueous solution was used. A solution with a small polarity index, such as TOL (polarity index of 2.3) 26) , is diffi cult to dissolve in water; therefore, TOL was used without water (solubility in water of TOL is 0.051%) 26) . ISP was selected in the present study because its polarity is between ETH and TOL.
The shear bond strengths of non-thermocyclings in all silanized groups were greater than that of the untreated condition. The bond strengths statistically decreased after thermocyclings; however, the bond strengths in ETH, more than 5.0 MPa, were signifi cantly greater than those of the other conditions. These strengths were not a great value; however, the surface of alumina plate was relatively smooth (Ra was 0.186 μm). Moreover, EDS analysis indicated remaining Si on the alumina surface after THF washing and fracture surface where PMMA was removed after shear bond test. These fi ndings suggested that the silane coupling agent created bond between PMMA and alumina.
The highest bond strength was obtained from MPS and APS in ETH of non-thermocyclings, and the bond strength in ETH of all groups after thermocyclings were signifi cantly greater than the other conditions. This might be attributed to the water in silanization process of the ETH which could easily hydrolyze alkoxy group of silane. In addition, water is the important molecule to initiate the reaction. Among the three silanes, AAPS and APS were used without mixing with water because alkoxy groups of these amino silanes could be easily hydrolyzed using moisture in air. However, the results of the present study demonstrated that the bond strength in TOL and ISP after thermocyclings signifi cantly decreased. This might attribute to the limited amount of moister in air which was insuffi cient to completely hydrolyze the alkoxy groups.
The rates of hydrolysis of the alkoxy groups are generally related to their steric bulk; CH3O (MPS)>C2H5O (APS and AAPS) 27) . Moreover, AAPS has longer chain length than APS and has higher molecular weight than the MPS and APS. Thus, it could be hypothesized that the forming of silanol groups and siloxane bond seemed to be diffi cult to occur due to the steric hindrance effect. Moreover, bonding formations between PMMA and silane coupling agents were different. PMMA and MPS could copolymerize. This might result in the higher shear bond strength of MPS over APS and AAPS.
According to the EDS analysis, after silanization and after shear bond test, Si was still observed on the surface of alumina plate. This may suggest that the failure occurred within the physisorbed layer because this layer tends to form a weak boundary layer over the chemisorbed layer. The reduction in bond strength of all groups after thermocycling challenge in the same condition might be due to the hydrolysis of hydrogen bond in the physisorbed layer by hydrolytic attack 28) . Moreover, the stability of the Si-O-Al bond in thermocycling condition is easily cleaved by a polar molecule such as water to form an Al-OH bond resulting in reduces the bond strength between alumina and PMMA 29) . This was also confi rmed by the reduction of all groups from thermocyclings.
The results of the present study suggested that the alumina silanized with MPS and APS in ETH provided good and durable bond between PMMA and the alumina plate. The effective silanization potentially enhances the mechanical properties of alumina reinforced PMMA. The investigation on these applications is undergoing.
CONCLUSION
Within the limitations of this in vitro study, it could be concluded that:
1. The shear bond strengths of alumina plate silanized with MPS and APS in 70% ethanol aqueous solution with PMMA were 15.0 and 13.8 MPa, respectively in non-thermocyclings, which were statistically greater than the other conditions. 2. The shear bond strengths decreased after thermocyclings; however, the shear bond strengths in 70% ethanol aqueous solution, 5.0 to 8.5 MPa, were signifi cantly greater than the other conditions. 3. EDS analysis indicated existence of Si on silanized alumina surface after THF washing and the shear bond test, which suggested the effectiveness of silanization process in the present study.
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